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Abstrat. The extended nonlinear model has been applied to onstrut neutron star
matter equation of state. In the ase of neutron star matter with non-zero strangeness
the extension of the vetor meson setor by the inlusion of nonlinear mixed terms
results in the stiening of the equation of state and aordingly in the higher value of
the maximum neutron star mass.
1. Introdution
The analysis of the role of strangeness in nulear struture in the aspet of multi-strange
system is of great importane for both nulear physis and for astrophysis. In the latter
ase understanding the properties of hyperon star is still a relevant item. At the ore of
a neutron star the matter density ranges from a few times the density of normal nulear
matter to about an order of a magnitude higher, at suh densities exoti forms of matter
suh as hyperons are expeted to emerge. The appearane of these additional degrees of
freedom and their impat on a neutron star struture have been the subjet of extensive
studies [1℄, [2℄, [3℄, [4℄.
The desription of a neutron star interior is modelled on the basis of the equation
of state (EOS) of a dense nulear system in a neutron rih environment. In general
the desription of nulear matter is based on dierent models whih an be grouped
into phenomenologial and mirosopi. Additionally eah one of them an be either
relativisti or non-relativisti. In a mirosopi approah the onstrution of the realisti
model of nuleon-nuleon (NN) interation an be inspired by the meson exhange theory
of nulear fores. The parameters within the model have to be adjusted to reprodue
the experimental data for the deuteron properties and NN sattering phase shifts [5℄.
The solution of the nulear many-body problem performed with the use of variational
alulations for realisti NN interations (for example for the Argonne v14 or Urbana
v14 potentials) saturate at the density ∼ 2×ρ0, where ρ0 denotes the saturation density
[6, 7℄. In order to obtain the orret desription of nulear matter properties, namely
the saturation density, binding energy and ompression modulus at the empirial values,
a phenomenologial three-nuleon interation has to be introdued. Two-body fores,
together with implemented three-body fores, help providing the orret saturation point
of symmetri nulear matter [8℄. The nulear matter EOS alulated with the use of
the BrueknerHartreeFok [9℄, [10℄ approximation with the employed realisti two-
nuleon interations (the Bonn and Paris potentials) also does not orretly reprodue
nulear matter properties. Thus there are attempts to onsider the nulear interation
problem in a relativisti formalism. The relativisti version of the BrueknerHartree
Fok approximation  the DiraBrueknerHartreeFok approah [11℄ is also based on
realisti NN interations. The nulear EOS obtained from the DBHF approah using
the Bonn A potential is soft at moderate densities but beome stier at higher densities
[12, 13℄. At densities up to 2-3 times nulear saturation density it is in agreement with
onstraints from heavy-ion ollisions based on olletive ow[14, 15℄ and kaon prodution
[16℄.
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The relativisti approah to nulear matter at the hadroni energy sale developed by
Waleka is very suessful in desribing a variety of the ground-state properties of nite
nulei at, or near the valley of stability and in prediting properties of exoti nulei with
large neutron to proton exess. The standard Waleka model [17℄ omprises nuleons
interating through the exhange of simulating medium range attration σ mesons and
ω mesons responsible for the short range repulsion. Although this model properly
desribed the saturation point and the data for nite nulei it has been insuient to
properly desribe the ompression modulus of symmetri nulear matter at saturation
density Kv and the proper density dependene in vetor self-energy. The reprodued
value of the inompressibility oeient obtained in the original Waleka model gave
large value of the order of ∼ 500 MeV ompared to the experimental results [18℄. The
nonlinear self-interations of the salar eld (the ubi and quarti terms) have been
added in order to get the aeptable value of the ompression modulus Kv [19, 20℄. Its
estimation made on the basis of reent experimental data point to the range 230 ± 10
MeV [21, 22, 23, 24℄.
The quarti vetor self-interation softens the high density omponent of the EOS. This
nonlinear term of the ω vetor meson has been used by Sugahara and Toki to onstrut
TM1 and TM2 models [25℄. However, models whih satisfatorily reprodue saturation
properties of symmetri nulear matter lead to onsiderable dierenes in the ase when
density and asymmetry dependene is inluded [26℄. Isospin dependene of the strong
interations between nuleons inuenes both physial properties of nulei and properties
of innite nulear matter [27℄. The latter ase inludes mainly the desription of nulear
matter in high energy heavy-ion ollisions and the properties of neutron star matter.
Thus, the proper model of atual neutron star matter requires taking into onsideration
the eet of neutron-proton asymmetry. This in turn leads to the inlusion of the
isovetor meson ρ. The standard version of the ρmeson eld introdution is of a minimal
type without any nonlinearities. This ase has been further enlarged by the nonlinear
mixed isosalar-isovetor ouplings whih modify the density dependene of the ρ mean
eld and the energy symmetry. Suh an extension of the neutron star model has been
inspired by the paper [28℄ in whih the authors show the existene of a relationship
between the neutron-rih skin of a heavy nuleus and the properties of a neutron star
rust.
The FSUGold model [29℄ whih lead to onsiderably softer EOS. The meson setor of
this model besides the linear terms of the salar and vetor elds inludes nonlinear
isosalar meson self-interations whih soften the EOS of symmetri nulear matter,
and the mixed isosalar-isovetor oupling whih alters the density dependene of the
symmetry energy. Adding the mixed isosalar-isovetor meson interation term the
FSUGold model ahieved aeptable results not only of the ompression modulus for
symmetri nulear matter (Kv = 230 MeV) but the value of the neutron skin in
208
Pb
of Rn − Rp = 0.21 fm. The main astrophysial predition of this model is onneted
with the value of the maximal neutron star mass whih equals Mmax = 1.72M⊙.
They are the nonlinear vetor self-interations that are disussed in this paper and the
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hadroni SU(3) model whih naturally inludes nonlinear salar and vetor interation
terms is likely to be useful in the onstrution of models with nonzero strangeness and
with more aurate desription of asymmetri strangeness-rih neutron star matter [30℄.
The model onsidered has been extended to inlude a broad spetrum of nonlinear
mixed vetor meson ouplings whih stems from the very speial form of the vetor
meson setor. The hoie of these partiular vetor meson mixed interations has been
motivated by the hiral SU(3) model. The main eet of suh an extension of the theory
beomes evident when studying properties of neutron star matter, espeially the form
of the EOS. The equations of state for neutron star matter with hyperons onsidered in
this paper have shown onsiderable stiening for higher densities. Having obtained the
equations of states the analysis of the maximum ahievable neutron star mass for given
lass of models an be performed. Observational results limit the value of a neutron star
mass and thereby put onstraints on the EOS of high density nulear matter. Reent
observations of ompat objets point to the existene of a high maximum neutron star
mass [31℄. The most spetaular result obtained with the Areibo radio telesope for
the neutron star-white dwarf binary system predited the largest neutron star mass
ever reported M(PSRJ0751 + 1807) = 2.1 ± 0.2M⊙(1σ) [32℄. However, this result
has been orreted by Nie [13, 33℄. The improved value of the orbital deay and the
detetion of the Shapiro delay lead to the new value 1.26M⊙ but with the estimated
errors 1.12 − 1.30M⊙(1σ) and 0.98 − 1.53M⊙(2σ). Thus, this ase an not be used as
a onstraint on the EOS. But there are another observations whih indiate for high
maximum mass of a neutron star. These are among others the value of the radius
(R > 12 km)of the isolated neutron star RX J1856.5-3754 [34℄ or neutron star mass in
the low mass X-ray binary (LMXB) 4U 1636-536 estimated at the value of 2.0± 0.1M⊙
[35℄. Another example of the LMXB is the neutron star in EXO 0748-676 whih has
been onstrained by the detetion of gravitational redshift of ertain absorption lines.
This ombined with other observational data lead to individually estimated mass and
radius of the star at the value of M ≥ 2.10± 0.28M⊙ and R ≥ 13.8± 1.8 km [36, 37℄.
2. Constituents of the model
All alulations in this model have been done within the theoretial framework of quan-
tum hadrodynamis (QHD) and the starting point is the nonlinear Waleka model whih
suessfully desribes the properties of nulear matter and nite nulei [17℄, [38℄. Ow-
ing to substantial asymmetry of neutron star matter models whih inlude additional
isospin arrying terms an be used for its remarkably omplete desription. Suh models
with Lagrangian funtions supplemented by isospin dependent nonlinear, mixed vetor
meson ouplings have been introdued and analyzed in papers by Piekarewiz et al.
[2℄, [28℄, [41℄. In the model onsidered there are ouplings whih relate the ω and ρ
vetor mesons with the φ meson and thus link the asymmetry of the system with the
strangeness ontent. The inlusion of a broad spetrum of mixed nonlinear vetor me-
son ouplings provides the possibility of modifying the high density omponent of the
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EOS. However, the presene of additional terms in the Lagrangian funtion requires the
adjustment of new oupling onstants. This has been done by tting to the properties
of nulear matter.
The presented model ontains baryons and mesons as basi degrees of freedom. The
baryon-meson interations and meson-meson interations are onstruted on the basis
of hiral SU(3) model [30℄.
2.1. Spin-0 meson elds
Additional hadroni states are produed in neutron star interiors in high density regime
when the Fermi energy of nuleons exeeds the hyperon masses. The hadroni SU(3)
[30℄ model whih inludes nonlinear salar and vetor interation terms oers the
possibility of onstruting a strangeness rih neutron star model and of providing its
detail desription. The relevant degrees of freedom are hadrons - omposite elds
onstruted from quarks. The problem onsidered is inspired by the hiral SU(3) model
[30℄ in the nonlinear realization whih inuenes transformational properties of quarks.
The struture of hadrons is given in terms of their onstituent quark elds q whih an
be split into left qL and right-handed qR parts (q = qL + qR). They transform under
SU(3)L × SU(3)R as
qL → q′L = LqL, qR → q
′
R = RqR. (1)
For the quarks of the nonlinear representation q˜ the following relation an be written
qL = uq˜L qR = u
†q˜R (2)
where q˜L and q˜R(x) are left- and right-handed omponents of the quark eld q˜ and
u ≡ u(π(x)) is given by
u(π(x)) =
8∑
a=1
exp
(
i
2σ0
πa(x)λa
)
(3)
with pseudosalar mesons πa onsidered as parameters of the symmetry transformation.
They are identify with the otet of physial pseudosalar elds [30℄.
In general the meson ontent of the model onsists of spin-0 and spin-1 mesons.
Introduing the matrix eld Φ enables the olletive representation of the spin zero
elds whih in the matrix notation an be written as Φ = Σ+ iΠ. The Σ and Π mesons
an be transformed into nonlinearly transforming lds X and Y
Φ = Σ + iΠ = u(X + iY )u, (4)
where X is assoiated with the salar nonet and Y with the pseudosalar singlet whih
has to be added separately. The pseudosalar mesons appear as the parameters of the
symmetry transformation. The meson multiplets an be expanded in the basis of Gell-
Mann matries thus Φ = 1√
2
Taφa where Ta = λa are generators of U(3) and λa (a=1...8)
are the Gell-Mann matries. It is onvenient to introdue as a ninth matrix λ0 =
√
2/3 I
Nonlinear 6
(I is a unit matrix). The set {iλa}a=0,...8 onstitutes a basis of the Lie algebra u(3) of
U(3).
The salar elds in the basis of U(3) generators are not mass eigenstates. If the ideal
mixing between the otet and singlet states has been assumed then the otet state σ8
and the singlet state σ0 are related to the ideal mixing states σ¯ and ζ¯ of a salar nonet
through the orthogonal transformation(
σ¯
ζ¯
)
=
(
cos θ sin θ
−sin θ cos θ
)(
σ8
σ0
)
. (5)
Presenting the salar multiplet as matrix the following form an be obtained
X =

(a00+σ¯)√
2
a+0 κ
+
a−0
(−a0
0
+σ¯)√
2
κ0
κ− κ¯0 ζ¯
 . (6)
In the proess of spontaneous hiral symmetry breaking X aquires the vauum
expetation value (VEV) ≡< X >. As only omponents proportional to λ0 and the
hyperharge Y ∼ λ8 are nonvanishing, < X > takes the form diag{< σ¯ >,< σ¯ >,<
ζ¯ >} and the following relations hold fπ =
√
< σ¯ > and fK = (< σ¯ > + < ζ¯ >)/
√
2
where fπ and fK are the pseudosalar deay onstants.
Making referenes to the Waleka model the following transformation should be done
σ¯ = σ+ < σ¯ > (7)
ζ¯ = σ∗+ < ζ¯ >
where σ and σ∗ denotes elds in the Waleka model.
In this paper the mean eld approah serves as a method for solving the many body
problem. In this approximation meson elds are separated into lassial mean eld
values and quantum utuations, whih are not inluded in the ground state. Thus, for
the ground state of homogeneous innite nulear matter quantum elds operators are
replaed by their lassial expetation values s0 and s
∗
0
σ = σ˜ + s0 (8)
σ∗ = σ˜∗ + s∗0.
2.2. Spin-1 meson elds
The spin-1 mesons are given by two otets of vetor and axial vetor elds. These elds
similarly as in the ase of spin zero mesons also an be written in a ompat form
lµ(rµ) =
1
2
(Vµ ± Aµ) = 1
2
√
2
a=8∑
a=0
(vaµ ± aaµ)λa, (9)
where lµ and rµ orresponds to left and right-handed gauge elds, respetively and Vµ
and Aµ denote the vetor and axial vetor nonets respetively.
The physial isosalar ω and φ meson elds stem from the pure singlet v0µ and otet v
8
µ
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isosalar states and an be obtained assuming ideal mixing, namely that φµ is a pure s¯s
state. This ome down to the following relations
φµ =
1√
3
(
√
2v0µ + v
8
µ) (10)
ωµ =
1√
3
(v0µ −
√
2v8µ).
Aordingly the vetor meson multiplet an be expressed expliitly in terms of physial
elds as
Vµ =

(ωµ+ρ0µ)√
2
ρ+µ K
∗+
ρ−µ
(ωµ+ρ0µ)√
2
K∗0
K∗− K
∗0
φµ
 . (11)
2.3. Baryon elds
Nonlinearly transforming baryon elds an be written as
BL = u
†ΨLu BR = uΨRu
†
(12)
where ΨL and ΨR are the left and right-handed parts of the baryon eld in the linear
representation. Baryon elds that enter the model are grouped into 3 × 3 traeless
matrix B
B =

1√
6
Λ + 1√
2
Σ0 Σ+ p
Σ− 1√
6
Λ− 1√
2
Σ0 n
Ξ− Ξ0 − 2√
6
Λ
 . (13)
3. The model
The dynamis of the system has been desribed in terms of the Lagrangian funtion
whih in its most general form an be given as a sum of two basi parts representing
meson and baryon setors whih are diretly related by the term dening the baryon-
meson interation
L = Lkin + LM + LB + LBM . (14)
Additionally the kineti term Lkin for both baryon and meson elds has been inluded.
3.1. The meson setor
The hiral SU(3) theory provides the basis for alulations made in this paper, however,
the relativisti mean eld approah to the desription of the stati, uniform nulear
matter leads to useful generalization about the model onsidered. In general, the meson
setor inludes ontributions from spin zero and spin one mesons but in the mean eld
approximation vauum expetation value of the pseudosalar and axial meson elds
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vanishes and these elds do not enter to the Lagrangian funtion. In the result meson
eld Lagrangian LM embodies only the parts for salar and vetor mesons
LM = LS + LV . (15)
The salar part of the Lagrangian funtion LM inludes the potential terms
LS = −k1(I2)2 + k2I4 + 2k3I3, (16)
whih are given in the form of hiral invariants dened as
I1 = Tr(X), I2 = Tr(X)
2, I3 = detX. (17)
The vetor meson Lagrangian funtion presented in this model is the sum of a mass
term and vetor meson self-interation terms up to fourth order in the elds
LV = 1
2
m2vTr(VµV
µ) + LV V . (18)
The seond part of (18) an be written in the form of invariants
LV V = 1
4
c (Tr(V µVµ))
2 +
1
2
d Tr[(V µVµ)
2] +
1
16
f [Tr(V µ)]4, (19)
where Vµ is the vetor meson multiplet. In order to split the mass degeneray for the
meson nonet the following hiral invariant has to be added
LMV = 1
4
µTr[VµνV
µνX2]. (20)
This together with the kineti energy term, whih will be introdued in setion 3.3, leads
to the following terms for dierent vetor mesons
− 1
4
[1− µσ¯
2
2
](V µνρ )
2 − 1
4
[1− 1
2
µ(
σ¯2
2
+ k2)](V µνK∗)
2
(21)
− 1
4
[1− µσ¯
2
2
](V µνω )
2 − 1
4
[1− µk2](V µνφ ).
As the oeients are not equal unity the vetor meson elds have to be renormalized
by the fator Z−1ω (σ¯) = 1−µσ¯2/2. The mass terms of the vetor mesons dier from the
mean mass mV by the renormalization fator and the following result an be obtained
m2ω = m
2
ρ = Zω(σ0)m
2
V ; m
2
K∗ = ZK∗(ζ0)m
2
V ; m
2
φ = Zφ(ζ0)m
2
V (22)
where the onstants mV µ and k are xed to give the orret ω and φ masses and
σ0 =< σ¯ > |nB=0 and ζ0 =< ζ¯ > |nB=0, nB denotes the baryon number density.
The baryoni part of the Lagrangian an be written as
LB = Tr(B¯iγµDµB), (23)
where B is a 3× 3 traeless hermitian matrix given by relation (13) and Dµ denotes the
ovariant derivative of B whih is dened as
DµB = ∂µB + i[Γµ,B] (24)
with Γµ dened as
Γµ = − i
2
[u†(∂µ + igvlµ)u+ u(∂µ + igvrµ)u
†]. (25)
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3.2. Baryon-meson interation
Using the notation introdued by [30℄ the very general SU(3) struture for the baryon-
meson interation an be written as
LBM = −
√
2gW8 (αW [B¯OB¯W ]F + (1− αW )[B¯OB¯W ]D) (26)
− gW1
1√
3
Tr(B¯OB)TrW,
where W denotes general meson eld and
[B¯OBW ]F := Tr(B¯OWB − B¯OBW ) (27)
[B¯OBW ]D := Tr(B¯OWB + B¯OBW )− 2
3
Tr(B¯OB)TrW. (28)
Dierent forms of the presented above interation terms result from dierenes in the
Lorentz struture.
For the nonlinear realization of hiral symmetry the antisymmetri (F-type) and
symmetri (D-type) interation terms of baryons not only with spin-1 but with spin-0
mesons as well are allowed.
In the ase of baryon-salar meson interation W = X,O = I, for vetor meson
W = Vµ,O = γµ, for axial vetor mesons W = Aµ,O = γµγ5 and for pseudo-salar
mesons W = uµ,O = γµγ5.
Baryon-spin zero meson interation is indispensable for the onstrution of baryon mass
terms. Masses of the whole baryon multiplet are generated spontaneously by the vauum
expetation values (VEV) of the non-strange and strange salar elds. When the nuleon
mass depends on the strange ondensate < ζ¯ > the parameters gS1 , g
S
8 and αS enable
baryon masses to be tted to their experimental values
mN(σ¯, ζ¯) = m0 − 1
3
gS8 (4αS − 1)(
√
2ζ¯ − σ¯) (29)
mΛ(σ¯, ζ¯) = m0 − 2
3
gS8 (αS − 1)(
√
2ζ¯ − σ¯)
mΣ(σ¯, ζ¯) = m0 +
2
3
gS8 (4αS − 1)(
√
2ζ¯ − σ¯)
mΞ(σ¯, ζ¯) = m0 +
1
3
gS8 (2αS + 1)(
√
2ζ¯ − σ¯),
where m0 is determined by two meson eld ondensates and is given by
m0 = g
S
1
√
2 < σ¯ > + < ζ¯ >√
3
. (30)
However, the assumption that αS = 1 and g
S
1 =
√
6gS8 leads to the model in whih
nuleon mass depends only on the nonstrange ondensate < σ¯ >. In this ase the
oupling onstane between the baryons and the two salar ondensates are related
to the additive quark model. Then nuleon mass depends only on the non-strange
ondensate < σ¯ >, and only one oupling onstant is needed to reprodue the orret
value of the nuleon mass. To obtain the orret masses of the remaining
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expliit symmetry breaking term has to be added.
The expliit symmetry breaking term presented in the paper by [30℄ has been used
L∆m = −m1Tr(B¯B − B¯BS)−m2Tr(B¯SB) (31)
where Sab = 1/3(
√
3(λ8)
b
a− δab ) and the parameters gS8 , m1 and m2 are used to determine
baryon masses:
mN = − gNσ < σ¯ > (32)
mΞ = − 1
3
gNσ < σ¯ > − 2
3gNσ
√
2 ¯< ζ >+m1 +m2
mΛ = − 2
3
gNσ < σ¯ > − 1
3gNσ
√
2 ¯< ζ >+
m1 + 2m2
3
mΣ = − 2
3
gNσ < σ¯ > − 1
3gNσ
√
2 ¯< ζ >+m1.
Considering the ase when nuleon mass depends only on non-strange ondensate and
one again making referenes to the Waleka model the relation for the baryon masses
an be expressed as
mB(σ¯, ζ¯) = mB(σ, σ
∗) = mB − gBσσ − gBσ∗σ∗, (33)
where the terms gBσσ and gBσ∗σ
∗
represent the modiation of baryon masses due to
the medium.
The interation of baryons with spin-1 mesons an be onstrut analogously with the
baryon spin-0 meson interation. For the ase of pure F-type oupling (αV = 1) the
assumption gV1 =
√
6gV8 (the strange vetor eld φµ ∼ sγµs does not ouple to nuleon)
an be made. As it has been stated in the mean eld approah the VEV of axial
mesons are zero thus taking into aount only vetor mesons the Lagrangian desribing
baryon-vetor meson interation is given by
LBV = −
√
2gV8
(
TrB¯γµ[V 8µ ,B] + TrB¯γµB · TrV 1µ
)
(34)
After insertion of the matrix (11) to equation (34) and using all the fats onerning
the onstrution of the baryon mass the following form of the Lagrangian funtion an
be written
LMB = Tr(B¯(iγµDµ −mB(σ¯, ζ¯))B) (35)
where mB denotes the mass of the baryon otet in the hiral limit and the ovariant
derivative of B is given by
DµB = ∂µB + i[Γµ,B], (36)
with the onnetion Γµ.
In the vetor meson setor the ouplings to the strange baryons determined from the
symmetry relations read
gNω = (4αV − 1)gV8 (37)
gΛω =
2
3
(5αV − 2)gV8 gΛφ = −
√
2
3
(2αV + 1)g
V
8
gΣω = 2αV g
V
8 gΣφ = −2
√
2(2αV − 1)gV8
gΞω = (2αV − 1)gV8 gΞφ = −2
√
2αV g
V
8
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Taking αV = 1 the oupling onstants related to the additive quark model an be
obtained
gΛω = gΣω = gΞω =
2
3
gNω = 2g
V
8 gλφ = gΣφ =
gΞφ
2
=
√
2
3
gNω. (38)
Similar symmetry relations an be obtained for the oupling onstants in the salar
setor. These however are not used in the presented model. The ouplings of baryons
with the salar mesons are determined from the experimentally estimated value of the
Λ entral potential.
3.3. Kineti terms
The expliit form of the baryon and meson kineti terms are given by
Lkin = iT r(B¯γµDµB) + 1
2
Tr(DµXD
µX)− 1
4
Tr(VµνV
µν) (39)
where Dµ denotes the ovariant derivative
Dµ = ∂µ + i[Γµ, ] (40)
and Γµ is given by relation (25). The hirally invariant kineti term for spin-1 mesons,
in the ase of vetor mesons, is Vµν = DµVν − DνVµ. The ovariant derivative Dµ is
given by relation (40).
4. The eetive model
Vetor mesons and thereby vetor densities are the deisive fators that ontribute to
the EOS of dense matter in neutron star interiors. Thus, attention is foused on the
onstrution of a model whih inludes wide spetrum of nonlinear ouplings between
vetor meson elds. This allows one to perform a systemati analysis of their inuene
on the high density EOS.
As has been stated in previous setion theoretial desription of strange hadroni matter
requires the extension of the nonlinear Waleka model by the inlusion of baryons of the
lowest SU(3) avor otet. In order to desribe the strongly attrative ΛΛ interation two
additional meson elds, the salar meson f0(975) denoted as σ
∗
and the vetor meson
φ(1020) have been introdued [39℄.
Thus, in the salar meson setor besides non-strange σ meson the hidden-strange σ∗
salar meson is inluded whereas, in the ase of vetor mesons ω, ρ and φ mesons are
omprised.
Summing-up the Lagrangian funtion for the system onsists of a baryoni part whih
inludes the full otet of baryons together with terms desribing interation of baryons
with salar and vetor mesons and a mesoni part. The mesoni part ontains also
additional interations between mesons whih mathematially express themselves as
supplementary, nonlinear terms in the Lagrangian funtion. Considering individual
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onstituents of the model whih have been desribed in the previous paragraph the very
general form of Lagrangian funtion an be written
LBM =
∑
B
ψ¯Biγ
µDµψB −
∑
B
mB(σ, σ
∗)ψBψB + LM , (41)
where baryon elds ΨTB = (ψN , ψΛ, ψΣ, ψΞ) are omposed of the following isomultiplets
[1℄:
ΨN =
(
ψp
ψn
)
, ΨΛ = ψΛ,
ΨΣ =
 ψΣ+ψΣ0
ψΣ−
 , ΨΞ = (ψΞ0
ψΞ−
)
,
Dµ is the ovariant derivative of baryons whih in terms of ωµ, ρ
a
µ and φµ elds is given
by
Dµ = ∂µ + igωBωµ + igφBφµ + igρBI3Bτ
aρaµ. (42)
The meson part of the Lagrangian funtion
LM = 1
2
∂µσ∂
µσ +
1
2
∂µσ
∗∂µσ∗ − Ueff (σ, σ∗, ωµ, ρaµ, φµ)
−1
4
ΩµνΩ
µν − 1
4
RaµνR
aµν − 1
4
ΦµνΦ
µν
(43)
inludes the eld tensors Ωµν ,Φµν and R
a
µν dened as
Ωµν = ∂µων − ∂νωµ Φµν = ∂µφν − ∂νφµ (44)
Raµν = ∂µρ
a
ν − ∂νρaµ. (45)
All meson interation terms are olleted in the potential funtion Ueff (σ, σ
∗, ωµ, ρaµ, φµ)
whih an be written as a sum of linear and nonlinear parts
Ueff(σ, σ∗, ωµ, ρaµ, φµ) = Ulin(σ, σ∗, ωµ, ρaµ, φµ) + Unl(σ, σ∗, ωµ, ρaµ, φµ). (46)
The linear salar and vetor meson part of the potential takes the form
Ulin(σ, σ∗, ωµ, ρaµ, φµ) =
1
2
m2σσ
2 +
1
2
m2σ∗σ
∗2 − 1
2
m2ω(ωµω
µ) (47)
− 1
2
m2ρ(ρ
a
µρ
µa)− 1
2
m2φ(φµφ
µ),
whereas its nonlinear part is given by
Unl(σ, σ∗, ωµ, ρaµ, φµ) =
1
3
g3σ
2 +
1
4
g4σ
4 +
1
4
(c+ 2d+
1
4
f)(φµφ
µ)2 + (48)
+
1
4
(c+ d)(ρaµρ
µa)2 +
1
2
c(ρaµρ
µa)(φνφ
ν) +
1
2
√
2
f(ωµφ
µ)(φνφ
ν) +
+
1
2
(c(ρaµρ
µa) + 3d(ρaµρ
µa) + c(φµφ
µ) +
3
2
f(φµφ
µ)(ωνω
ν)) +
+
1√
2
f(φµω
µ)(ωνω
ν) +
1
4
(c+ d+ f)(ωµω
µ)2.
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The potential funtion Ueff (σ, σ∗, ωµ, ρaµ, φµ) inludes subsets of non-strange and
strangeness rih matter and this an be written with the use of the following notation
Ueff(σ, σ∗, ωµ, ρaµ, φµ) = Ui,S=0 + Ui,S 6=0, (49)
where i denotes linear and non-linear parts of the potential (46). If strangeness bearing
omponents are not taking into aount in the desription of matter and only nuleons
are onsidered, the Lagrangian density funtion onstruted on the basis of the Waleka
model an be retained whih in the ase of symmetri matter omprises ontributions
oming from nuleons, σ and ωµ mesons. As neutron star matter is highly asymmetri
one the inlusion of isovetor-vetor meson ρaµ beome indispensable. Finally making
referene to the extended Waleka model with nonlinear salar and vetor meson self-
interation terms the Lagrangian funtion an be presented as follows
L = ψ¯N(iγµDµ − (mN(σ)− gσNσ))ψN + 1
2
∂µσ∂
µσ −
− 1
4
ΩµνΩ
µν − 1
4
RaµνR
aµν +
1
2
m2ωωµω
µ
+
1
2
mρρ
a
µρ
aµ − Ueff,S=0(σ, ωµ, ρaµ) (50)
where
ψN =
(
ψp
ψn
)
is the nuleon eld, Dµ denotes the ovariant derivative whih now redues to
Dµ = ∂µ + igωNωµ + igρNI3Nτ
aρaµ. (51)
The nuleon mass is denoted by mN(σ) (N = n, p) whereas mi (i = σ, ω, ρ) are masses
assigned to the meson elds, Raµν and Ωµν again denotes the eld tensors and are given
by (44) and (45).
Colleting all the meson self-interations and the mixed ω − ρ and σ − ρ terms in the
model onsidered a nonlinear part of the potential Ueff,S=0(σ, ωµ, ρ
a
µ) an be speied
Unl,S=0(σ, ωµ, ρ
a
µ) = −
κ
3!
σ3 − λ
4!
σ4 + c3(ωµω
µ)2 (52)
+
ζ
4!
g4ρN (ρ
a
µρ
µa)2 + ΛV (gωNgρN)
2(ωµω
µ)(ρaµρ
µa) + Λ4(gσNgρN)
2σ2(ρaµρ
µa).
More detailed analysis of the vetor meson inuene on the high density EOS needs to
onsider dierent types of nonlinear vetor meson ouplings.
The very general form of the vetor meson Lagrangian (19) inludes the potential whih
is dened by oupling onstants that appeared in the vetor meson Lagrangian (19).
Sine the oupling onstants of the mixed vetor meson interations are known very
poorly, if ever, there are still important unertainties in the analysis of their inuene
on the form of the EOS. In order to study the importane of individual parts of the
potential it is neessary to nd onnetions between the oupling onstants c, d and f
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and the ouplings in the vetor part of the nonlinear potential Unl(σ, ωµ, ρ
a
µ).
The results reveal the following relations
c =
1
2
(3c3 − 3c3β − 2g2ρg2ωΛV ) (53)
d =
1
2
(−c3 + c3β + 2g2ρg2ωΛV ) (54)
f = c3β. (55)
In the paper by Serot et. al [40℄ the aeptable values of the parameters entering the
very general nonlinear model have been introdued. In aordane with the estimations
made in the paper [40℄ a new parameter β whih takes the value in the range <0;1> an
be introdued. This parameter makes possible to arry out more systemati analysis
and to inlude wider lass of models that have been onstruted on the basis of the
invariants presented in (19). The onsidered ases lead to models and results whih
already have been reported. Inorporating the relations (53-55) the vetor potential an
be onstruted
UV = 1
4
c3
(
(ρaµρ
µa)2(1− β) + (ωµωµ)2
)
+ (56)
+ (ωµω
µ)
(
3
4
c3(φµφ
µ) +
1
2
(gρgω)
2ΛV (2(ρ
a
µρ
µa)− (φµφµ)
)
+
+ (ρaµρ
µa)
(
3
4
c3(φµφ
µ)− 3
4
βφµφ
µ − 1
2
(gρgω)
2ΛV φµφ
µ
)
+
+
1
8
(φµφ
µ)2
(
c3(1− 1
2
β) + 2(gωgρ)
2ΛV
)
+
3
4
c3(ρ
a
µρ
µa)(φµφ
µ)(1− β) + 1
2
√
2
βc3(φνφ
ν)(φµω
µ) +
+
3
4
c3(φµφ
µ)(ωµω
µ) +
1√
2
βc3(φµω
µ)(ωνω
ν).
Detailed analysis of the presented above potential an be made onsidering dierent
ases.
1. Nonstrange matter (S = 0). This ase inludes variety of models and leads diretly
to the well-known results presented in the literature.
The potential (56) redues to the most general form for non-strange matter
UV = 1
4
c3(ρ
a
µρ
µa)2 (1− β)+1
4
c3(ωµω
µ)2+(gρgω)
2ΛV (ρ
a
µρ
µa)(ωµω
µ).(57)
The analysis starts with the ase β = 0 and ΛV = 0.
UV = 1
4
c3(ρ
a
µρ
µa)2 +
1
4
c3(ωµω
µ)2 (58)
inludes ontributions from both isosalar and isovetor omponents. The last one
is of speial interest for the the asymmetri neutron star matter.
The ase with ΛV 6= 0
UV = 1
4
c3(ρ
a
µρ
µa)2 +
1
4
c3(ωµω
µ)2 + (gρgω)
2ΛV (ρ
a
µρ
µa)(ωνω
ν). (59)
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This form of the potential funtion inorporates additional vetor meson mixed
term.
The ase with β = 1 and ΛV 6= 0
UV = 1
4
c3(ωµω
µ)2 + (gρgω)
2ΛV (ρ
a
µρ
µa)(ωνω
ν) (60)
This is the model studied by Piekarewiz et al. [28℄, [41℄
The ase with β = 1 and ΛV = 0
UV = 1
4
c3(ωµω
µ)2 (61)
The nonlinear Waleka model is retained in this situation.
2. Matter with nonzero strangeness (S 6= 0).
The ase with β = 0
UV = 1
4
c3(ρ
a
µρ
µa)2 +
3
4
c3(ρ
a
µρ
µa)(φνφ
ν) +
1
8
c3(φµφ
ν)2 (62)
+
3
4
c3(φµφ
µ)(ωνω
ν) +
1
4
(gρgω)
2ΛV (φµφ
µ)2
+
1
4
c3(ωµω
µ)2 − 1
2
(gρgω)
2ΛV (ρ
a
µρ
µa)(φνφ
ν)
+ (gρgω)
2ΛV (ρ
a
µρ
µa)(ωνω
ν)− 1
2
(gρgω)
2ΛV (φµφ
µ)(ωνω
ν)
The ase with β = 0 and ΛV = 0
UV = 1
4
c3(ρ
a
µρ
µa)2 +
3
4
c3(ρ
a
µρ
µa)(φνφ
ν)
+
1
8
c3(φµϕ
µ)2 +
3
4
c3(φµφ
µ)(ωνω
ν) (63)
The ase with β = 1 and ΛV 6= 0
UV = 1
16
c3(φµφ
µ)2 ++
1
2
√
2
c3(φµφ
µ)(φνω
ν) +
3
4
c3(φµφ
µ)(ωνω
ν)
+
1√
2
c3(φµω
µ)(ωνω
ν) +
1
4
c3(ωµω
µ)2 − 1
2
(gρgω)
2ΛV (ρ
a
µρ
µa)(φνφ
ν)
+
1
4
(gρgω)
2ΛV (φµφ
µ)2
+ (gρgω)
2ΛV ρ
2
µ(ωµω
µ)− 1
2
(gρgω)
2ΛV (φµφ
µ)(ωνω
ν) (64)
The ase with β = 1 and ΛV = 0
UV = 1
16
c3(φµφ
µ)2 +
1
2
√
2
c3(φµφ
µ)(φνων) + (65)
+
3
4
c3(φµφ
µ)(ωνω
ν) +
1√
2
c3(φµω
µ)(ωνω
ν) +
1
4
c3(ωµω
µ)2.
Summing up the vetor meson potential in general an inlude a wide variety of
nonlinear terms. The presene of nonzero strangeness led to very distint division of the
onstruted models. This has been done with the use of the parameter β. For nuleoni
matter (S = 0) both ases β = 0 and β = 1 have been analyzed. The latter one is of
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speial importane as it enables the omparison of the results with those obtained by
Piekarewiz et al. [41℄. However, in the ase of nonzero strangeness important redution
has been done. Models onstruted for the ase β = 1 lead to very soft equation of state
and onsequently to very low value of the maximum neutron star masses. This is not
interested aording to results of reent observations whih point towards larger masses.
Suh masses are espeially onerned about the stiening of the EOS at suiently high
densities. This stiening of the equation of state has beome a big issue partiularly for
strangeness rih matter. Thus, further analysis of the inuene of the nonlinear vetor
meson interations for strangeness rih matter will onentrate on the ase with β = 0.
4.1. Mean Field Approximation
The system onsidered, has been assumed to be isotropi, innite matter in its ground
state. To investigate properties of innite nulear matter, the mean eld approximation
has been adopted. The symmetries of innite nulear matter simplify the model to a
great extent. The translational and rotational invariane laimed that the mean elds
of all the vetor elds vanish. Only the time-like omponents of the neutral vetor
mesons have a non-vanishing expetation value. Owing to parity onservation, the
vauum expetation value of pseudosalar elds vanish (< πa >= 0). Meson elds have
been separated into lassial mean eld values and quantum utuations, whih are
not inluded in the ground state. Thus, for the ground state of homogeneous innite
nulear matter quantum elds operators are replaed by their lassial expetation
values. Hene, baryons move independently in the mean meson elds whih generate
themselves self-onsistently by baryons. The resulting eld equations for the mean eld
approximation have a redued, simpler form
m2σs0 + g3s
2
0 + g4s
3
0 =
∑
B
gσBm
2
eff,BS(meff,B, kF,B), (66)
m2effωw0 =
∑
B
gωBnB, (67)
m2effρr0 =
∑
B
gρBI3BnB, (68)
m2σ∗s
∗
0 =
∑
B
gσ∗Bm
2
eff,BS(meff,B), (69)
m2effϕf0 =
∑
B
gϕBnB, (70)
where s0, w0, r0, s
∗
0 and f0 are the lassial mean eld values of the meson elds and
mi,eff are eetive masses assigned to ω, ρ and φ meson elds. The eetive masses are
given by the relations
m2eff,ω = m
2
ω + 3c3w
2
0 + 2ΛV (gωgρ)
2r20 + 2(
3
4
c3 − 1
2
ΛV (gωgρ)
2)f 20 (71)
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m2effρ = m
2
ρ + c3r
2
0 + 2ΛV (gωgρ)
2w20 + 2(
3
4
c3 − 1
2
ΛV (gωgρ)
2)w0f
2
0 (72)
m2effϕ = m
2
ϕ + 3c3r
2
0 + 2ΛV (gωgρ)
2w20 + 4(
3
4
c3 − 1
2
ΛV (gωgρ)
2)w20f0 (73)
The funtion S(meff,B, kF,B) is expressed with the use of an integral
S(meff,B, kF,B) =
2JB + 1
2π2
∫ kFB
0
meff,B√
k2 +meff,B
k2dk, (74)
where JB and I3B are the spin and isospin projetion of baryon B, kF,B is the Fermi
momentum of speies B, nB denotes the baryon number density. The presene of the
σ∗ and φ meson elds provides new potential terms to the Dira equation whih now
takes the form
(iγµ∂µ −meff,B − gωBγ0w0 − gρBI3Bγ0τ 3r0 − gϕBγ0f0)ψB = 0 (75)
with meff,B being the eetive baryon mass generated by the baryon and salar elds
interation and dened as
meff,B = mB − (gσBs0 + gσ∗Bs∗0). (76)
In order to alulate the energy density and pressure of the nulear matter the energy-
momentum tensor Tµν whih is given by the relation
Tµν ≡ ∂L
∂(∂µφi)
∂νφi − ηµνL (77)
have to be used. In equation (77) φi denotes both boson and fermion elds.
The energy density ǫ equals < T00 > whereas the pressure P is related to the statistial
average of the trae of the spatial omponent Tij of the energy-momentum tensor.
Calulations done for the onsidered model lead to the following expliit formula for
the energy density and pressure:
ǫ =
1
2
m2ωw
2
0 +
3
4
c3w
4
0 +
1
2
m2ρr
2
0 +
1
2
m2φf
2
0 +
1
2
m2σ∗s
∗2
0 + ǫB + (78)
+3ΛV (gρgω)
2w20r
2
0 +
3
4
r40 + U(s0) + 3
(
1
8
c3 +
1
4
ΛV (gρgω)
2
)
f 40 +
+3
(
3
4
c3 − 1
2
ΛV (gρgω)
2
)
f 20 r
2
0
with ǫB given by
ǫB =
∑
B
2
π2
∫ kF,B
0
k2dk
√
k2 + (mB − gσBs0 − gσ∗s∗0)2, (79)
P =
1
2
mρr
2
0 +
1
2
mωw
2
0 +
1
4
c3(w
4
0 + r
4
0) +
1
2
m2φf
2
0 −
1
2
m2σ∗s
∗2
0 − (80)
−U(s0) + ΛV (gρgω)2w20r20 +
(
3
4
c3 − 1
2
ΛV (gρgω)
2
)
f 20 (w
2
0 + r
2
0) +
+
(
1
8
c3 +
1
4
ΛV (gρgω)
2
)
f 40 + PB
Nonlinear 18
PB =
∑
B
1
3π2
∫ kF,B
0
k4dk√
(k2 +mB − gσBs0 − gσ∗s∗0)2
. (81)
The obtained form of the EOS determines the physial state and omposition of matter
at high densities. In order to onstrut the neutron star model through the entire density
span it is neessary to add the EOS, harateristi for the inner and outer ore, relevant
to lower densities. Thus, a more omplete and more realisti desription of a neutron
star requires taking into onsideration not only the interior region of a neutron star, but
also its remaining layers. In these alulations the omposite EOS has been onstruted
by joining together the EOS of the neutron rih matter ore region and neutron star
rust. The inner rust is a region whih spans from the neutron drip point to the inner
boundary separating the solid rust from the homogeneous ore [44℄ [45℄. Sine the
density drops steeply near the surfae of a neutron star, these layers do not ontribute
signiantly to the total mass of a neutron star. The inner neutron rih region up to
density ρ ∼ 1013 g cm−3 inuenes deisively the neutron star struture and evolution.
5. The equilibrium onditions and omposition of stellar matter.
The ground state of a neutron star is thought to be the question of equilibrium
dependene on the baryon and eletri-harge onservation. Neutrons are the prinipal
omponents of a neutron star when the density of matter is omparable to the nulear
density. For higher densities it is the equilibrium of the proess
p+ e− ↔ n+ νe (82)
whih establishes the relation between hemial potentials
µp + µe = µn + µνe. (83)
Thus, realisti neutron star models desribe eletrially neutral high density matter
being in β equilibrium. The latter ondition implies the presene of leptons. It is
expressed by adding the Lagrangian of free leptons
LL =
∑
f=e,µ
ψf (iγ
µ∂µ −mf )ψf . (84)
Neutrinos are negleted here sine they leak out from a neutron star, whose energy
diminishes at the same time. After eletron hemial potential µe has reahed the value
equal to the muon mass, muons start to appear. Equilibrium with respet to the reation
e− ↔ µ− + νe + ν¯µ (85)
is assured when µµ = µe (setting µνe = µν¯µ = 0). The appearane of muons redues
number of eletrons and also aets the amount of the protons.
Additional hadroni states are produed in neutron star interiors at suiently high
densities when hyperon in-medium energy equals their hemial potential. The onset of
hyperon formation depends on the attrative hyperon-nuleon interation. The higher
the density the more various hadroni speies are expeted to populate. They an
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be formed both in leptoni and baryoni proesses. In the latter the relevant strong
interation proesses that establish the hadron population in neutron star matter e.g.:
Λ + Λ↔ Ξ +N (Q = 25MeV ) (86)
or
Σ+N → Λ +N (Q = 80MeV ) (87)
are Pauli bloked. Taking into aount the energy released in these reations (denoted
as Q) it is likely that Σ hyperons do not appear in neutron star matter. The hemial
potentials of neutron star omponents are related in suh a way that the hemial
equilibrium in stellar matter an be ahieved. The requirement of harge neutrality and
equilibrium under the week proesses in the instane of strangeness rih matter
B1 → B2 + f + ν¯f B2 + f → B1 + νf (88)
leads to the following relations:∑
i
(
nB+i + nf
+
)
=
∑
i
(
nB−i + nf
−
)
(89)
µi = biµn + qiµf
where bi is the baryon number of partile i, qi is its harge, f stands for leptons f = e, µ,
Bi denotes baryons and µνf = 0. The onditions mentioned above result in the relations
between hemial potentials and onstrain the speies frations in the stellar interior
when taking into onsideration the baryon otet and leptons inluded in this model:
µp = µΣ+ = µn − µe µΛ = µΣ0 = µΞ0 = µn (90)
µΣ− = µΞ− = µn + µe µµ = µe.
6. Parameters
Nulear matter an be dened as an innite system of nuleons with a xed ratio of
neutron to proton numbers and no Coulomb interation. In general, the nulear matter
EOS, that is the energy per partile, of asymmetri innite nulear matter ǫ(nb, fa) [46℄
dened as
ǫ(nb, fa) =
E
nb
(91)
is a funtion of two variables namely baryon number density nb and the relative neutron
exess fa (the asymmetry parameter)
fa =
nn − np
nn + np
, (92)
where nn and np denote the neutron and proton number densities respetively. The sum
nn+np = nb stands for the total baryon number density, E in equation (91) denotes the
total energy of the nulear system.
The properties of asymmetri nulear matter an be studied with the use of the em-
pirial paraboli approximation whih allows one to expand the energy per partile of
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Symmetri nulear matter ǫ(nb, 0) Symmetry energy S2(nb)
ǫ0 = ǫ(n0, 0) J = S2(x = 0)
Kv = 9n
2
0
(
∂2ǫ(nb,0)
∂n2
b
)
L =
(
∂S2
∂x
)
Qv = 27n
3
0
(
∂3ǫ(nb,0)
∂n3
b
)
Ksym = (
∂2S
∂x2
)
Table 1. Coeients that parametrize the behavior of the symmetri nulear matter
near saturation density.
asymmetri nulear matter in a Taylor series in fa
ǫ(nb, fa) = ǫ(nb, 0) + S2(nb)f
2
a + S4(nb)f
4
a + . . . (93)
The fator fa makes the quarti S4(nb) term ontribution negligible.
Also the analysis performed with the use of realisti interations indiates the dominant
role of the S2(nb) term not only in the viinity of the saturation point but even at higher
densities [9℄. The expansion given in equation (93) enables the analysis of the funtion
ǫ(nb, fa) in terms of the energy of symmetri nulear matter ǫ(nb, 0) and the symmetry
energy S2(nb). Subsequently expanding ǫ(nb, fa) around the equilibrium density n0 in
a Taylor series in nb, the following expressions for the two suessive terms ǫ(nb, 0) and
S2(nb) an be obtained:
ǫ(nb, 0) = ǫ(n0) +
1
2
Kvx
2 +
1
6
Qvx
3 + . . . (94)
S2(nb) = S2(n0) + Lx+
1
2
Ksymx
2 +
1
6
Qsymx
3 + . . . (95)
where x denotes dimensionless parameter that haraterizes the deviations of the density
from its saturation value
x =
nb − n0
3n0
. (96)
Expressions (94) and (95) are parameterized by a set of oeients: n0, ǫ(n0), Kv, Qv,
J , Ksym, L and Qs whih determine the behavior of the system near the saturation
density. Partiular oeients are dened in Table 1 and evaluated at the point (n0, 0).
This very point denotes the position of the state dened as the equilibrium state of
symmetri nulear matter ε(n0, 0) with minimum energy per nuleon and is haraterized
by the ondition ∂ε(nb, 0)/∂nb = P (n0, 0) = 0. Thus, the linear term in the Taylor
expansion (94) vanishes.
Gathering altogether the terms of the expansions in nb and in fa the approximated
form of the EOS an be written as [46℄
ε(nb, fa) = ε(n0)+
1
18
(K0+Ksymf
2
a )
(
nb − n0
n0
)2
+
[
J +
L
3
(
nb − n0
n0
)]
f 2a .(97)
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n0 av Kv Qv
TM1 0.145 −16.26 281.16 −258.295
FSUGold 0.148 −16.27 229.52 −519.39
RM 0.148 −16.0 230.0 −270.50
Table 2. The parameters of the symmetri nulear matter at saturation density.
J L Ksym Qsym Kτ = Ksym − 6L
TM1 36.89 110.79 33.52 −74.28 −631.26
FSUGold 32.6 60.44 −51.51 414.51 −414.15
RM 32.0 75.04 −57.22 343.98 −507.46
Table 3. The parameters of the symmetri nulear matter at saturation density.
Having obtained the EOS, eah individual term that enters the formula (97) an be
alulated.
Aording to the approximation presented by equation (93) the symmetry energy an be
alulated as the energy dierene at a given density between symmetri (fa = 0) and
pure neutron matter fa = 1. The density dependane of the symmetry energy around
n0 is determined by the parameters L and Ksym. Introduing the one-parameter t to
the low-density behavior of the symmetry energy
Esym(u) ≈ J uγ
where u = n/n0 and using this saling properties the orrelations between the density
dependane of the symmetry energy and the neutron skin thikness an be estimated
[47, 48, 49℄. This dependane also allows one to determine the transition density ρt
between the rust and the ore of a neutron star and to express it through the oeients
Kv and Ksym in the following way
ut ∼ 2
3
+
(
2
3
)γ
Ksym
2Kv
(98)
The onstraints on the value of γt obtained from the intermediate-energy heavy-ion
ollisions provides a γ value γ ∼ 0.69 − 1.05. Calulations performed in this paper are
based on the standard TM1 parameter set [25℄. However, reent experimental results
strongly indiate lower value of the symmetry energy oeient and the ompressibility
oeient of nulear matter [48℄. These lower values have been used to onstrut a
parameter set (denoted by RM) whih when ompared with the TM1 one, diers in
the value of the salar meson eld mass. Also in the isovetor setor the parameters
gρN and ΛV have been tted to reprodue the symmetry energy oeient at the value
J = 32 MeV. The parameters and saturation properties of symmetri nulear matter
are olleted in Table 2.
The inlusion of the mixed nonlinear isosalar-isovetor oupling ΛV provides the
additional possibility of modifying the high density omponents of the symmetry energy
and requires the adjustment of the gρN oupling onstant to keep the same value
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ΛV gρN J (MeV ) L (MeV ) Ksym (MeV ) Kτ (MeV ) ρt (fm
−3)
TM1 (orig) 0.0 9.2644 36.89 110.79 33.52 −631.25 0.1026
TM1 (nonl) 0.0 8.0642 32.0 96.12 33.52 −543.19 0.1025
0.008 8.6567 32.0 85.13 −37.98 −548.77 0.090
0.01 8.8264 32.0 82.38 −50.93 −545.23 0.815
RM 0.0169 9.234 32.0 75.04 −57.22 −507.46 0.852
FSUGold 0.03 11.767 32.59 60.44 −51.51 −414.15 0.857
Table 4. Saturation Properties of nulear matter at saturation density obtained for
nonlinear models
of the symmetry energy at saturation. The remaining ground state properties are
left unhanged. With these additional terms the expression for the symmetry energy
oeient Esym(n0) is now given by the equation
Esym(n0) =
1
8
n0
m2ρ/g
2
ρN + 2ΛV (gρNgωN)
2w20
+
k2F
6
√
k2F +m
2
0
, (99)
where where k0 and m0 are the Fermi momentum and nuleon eetive mass of
symmetri nulear matter at saturation. The rst term in this equation oming from
the expliit oupling between the nuleon isospin and the ρ meson whereas the seond
quantity is the relativisti kineti energy ontribution. The inuene of the nonlinear
ouplings an also be onsidered in terms of eetive ω and ρ meson masses [50℄ whih
an be dened by the following relation
m2eff,ω = m
2
ω + 2ΛV (gρNgωN)
2r20, (100)
m2eff,ρ = m
2
ρ + 2ΛV (gρNgωN)
2w20. (101)
In this interpretation this is the ρ meson mass modiation that inuenes the density
dependene of the symmetry energy. The obtained form of the symmetry energy for the
onsidered parameter sets are presented in Fig. 6. In general the nonlinearities soften
the density dependane of the symmetry energy. For omparison the results of Akmal
et al. have been inluded [51℄
Vetor mesons-hyperon oupling onstants are taken from the quark model and
they are given by relations (38). Whereas in the salar setor the salar oupling of the
Λ and Ξ hyperons requires onstraining in order to reprodue the estimated values of the
potential felt by a single Λ and a single Ξ in the saturated nulear matter. The analysis
of the experimental data onerning the binding energies of Λ's bound in single partile
orbitals in hypernulei over an extensive range of mass numbers makes it possible to
determine the potential depth of a single Λ in nulear matter at the value of
U
(N)
Λ ≃ 27− 30MeV (102)
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Figure 1. The density dependene of the symmetry energy for nonlinear models.
For omparison the results obtained for the ordinary TM1 parameter set has been
inluded.
whih orresponds to ∼ 1/2 of the nuleon well depth U (N)N . There is still onsiderable
unertainty about the experimental status of Σ-nuleus potential. The alulations of Σ
hypernulei have been based on analysis of Σ− atomi data. Phenomenologial analysis
of level shifts and widths in Σ− atoms made by Batty et al. [52, 53℄ indiates that the
Σ potential is attrative only at the nulear surfae, beoming repulsive for inreasing
density. The small attrative omponent of this potential is not suient to form bound
Σ-hypernulei. Also aording to reent experimental data it has been established that
the Σ nulear interation is strongly repulsive.
The following values of the potentials have been used [55℄
U
(N)
Λ = −28MeV, U (N)Σ + 30MeV, U (N)Ξ = −18MeV (103)
for the determination of the gσΛ, gσΣ and gσΛ oupling onstants. In order to properly
desribe hyperon rih neutron star matter, the knowledge of the hyperon-hyperon
interation is indispensable. Data on ΛΛ hypernulei are sare. Observation of double-
strange hypernulei ΛΛ provide information about the Λ−Λ interation. Several events
have been identied whih indiate an attrative ΛΛ interation. The analysis of the
data allows one to estimate the binding energies of
6
ΛΛHe,
10
ΛΛBe and
13
ΛΛB. The interation
between other type of hyperons are not known experimentally [54, 56℄. The hyperon
ouplings to strange meson σ∗ have been obtained from the following relations
U
(Ξ)
Ξ ≃ U (Ξ)Λ ≃ 2U (Λ)Ξ ≃ 2U (Λ)Λ . (104)
In summery the oupling of hyperons to the strange meson σ∗ has been limited by
the estimated value of hyperon potential depths in hyperon matter this has also diret
onsequenes for neutron star parameters. Reent experimental data [42℄ indiate a
muh weaker strength of hyperon-hyperon interation. The urrently obtained value of
the U
(Λ)
Λ potential at the level of 5 MeV permits the existene of the additional parameter
set whih reprodues this weaker ΛΛ interation. The parametrisation onsidered in
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YY interation gσΛ gσΞ gσ∗Λ gσ∗Ξ
weak 6.17 2.202 5.41 11.516
strong 6.17 3.202 7.018 12.6
Table 5. Strange salar setor parameters
ΛV = 0 ΛV = 0.008 ΛV = 0.01
gρN 9.2644 10.207 10.4828
Table 6. The gρN parameters for dierent values of the parameter ΛV
this paper inludes for omparison the strong and weak hyperon-hyperon ouplings.
The strong Y − Y interation is related to the value of the potential U (Λ)Λ = −20 MeV,
whereas the weak one orresponds to U
(Λ)
Λ = −5 MeV [42℄, [43℄.
The inlusion of additional parameters in the isovetor meson setor requires the
adjustment of the gρN parameters. The new values of parameters are olleted in Table
6.
7. Results
Having obtained the EOS that relates the energy density and pressure the orresponding
solution of the Tolman-Oppenheimer-Volko (TOV) equations an be found and
estimation of neutron star masses and radii beome possible. The EOS and espeially
its high density limit has inevitable onsequenes for neutron star parameters. This
manifests itself in a deep sensitivity of neutron star masses and radii to the stiness of
the EOS and allows one to study the inuene of nonlinear vetor meson interation
terms on neutron star properties.
The integration of the TOV equations with a spei equation of state leads to
the mass-radius relation and allows one to determine the value of the maximum mass
whih in a sense an give a measure of the impat of partiular nonlinear ouplings
between vetor mesons. In Fig. 2 the equations of state obtained for dierent ases
of nonlinear potentials presented in this paper have been shown. Extreme, dashed
urves represent results obtained for the standard TM1 parameterisation, for the non-
strange and strangeness rih matter respetively. The ase when the matter inludes only
nuleons and leptons gives the stiest EOS whereas the diretly opposed result namely
the softest EOS an be obtained for the standard TM1 parameterisation extended by
the inlusion of hyperons. The vetor meson setor in this ase omprises the quarti
vetor meson ωµ self-interation term supplemented by the linear term for the hidden-
strange meson φµ. The inuene of the strength of hyperon-hyperon interation is also
illustrated by omparing equations of state alulated for the weak and strong Y − Y
interation. Other equations of state presented in this gure aim to provide the analysis
of the inuene of additional vetor meson nonlinear interation. Relating this problem
to the introdued sheme for nonlinear potentials, the onsider ases ΛV = 0.008 and
Nonlinear 25
0 100 200 300 400 500 600 700 800 900 1000
ε  ( MeV/ fm3 )
0
50
100
150
200
P 
( M
eV
 / f
m3
 
)
pure TM1 npe 
pure  TM1 strong
pure TM1 weak
Λ
v
 = 0.0 strong
Λ
v 
= 0.008 strong
Λ
v
 = 0.0 weak
Λ
v
 = 0.008 weak
Λ
v
 = 0.01 strong
Λ
v
 = 0.01 weak
Figure 2. The EOS obtained for the nonlinear models. The limiting ases of the EOS
indiate that the stiest one has been obtained for the non-strange matter, whereas
the softest represents the ase of the standard TM1 model extended by the inlusion
of strange mesons whih have been introdued in a minimal fashion. The remaining
EOS for the nonlinear models with dierent values of the parameter ΛV are loated
between these two urves.
ΛV = 0.01 are taking into aount. The obtained results indiate for the strong tendeny
for stiening of the EOS for the inreasing value of the parameter ΛV , approahing
the limiting ase for ΛV = 0.01. Moreover, there exists evidene for diminishing the
dierenes between the weak and strong Y − Y interation for inreasing value of the
parameter ΛV . Calulations performed for the value of the parameter ΛV > 0.01 lead
to aausal behavior of the equation of state at high density.
The inlusion of nonlinear vetor meson interations has profound onsequenes for the
struture of neutron stars and this an be dedued from Fig. 3 where the mass-radius
relations for the obtained equations of state have been shown. Dotted urves depits the
results alulated for non-strange matter. Arrows marked by β = 0 and β = 1 denotes
the solutions obtained for ordinary TM1 parameter set and for the TM1 supplemented
by the nonlinear ω − ρ oupling between the isosalar and the isovetor mesons. In the
ase of strangeness rih matter the results for dierent values of the parameter ΛV has
been inluded. The arrow marked ΛV shows the inuene of the nonlinear terms on
neutron star parameters espeially for radii. For omparison the mass-radius relation
for the FSU Gold parameter set has been given. This gure depits also onstraints
obtained from Vela and XTEJ 11739-285 data [58℄.
Fig 4 depits models obtained for the value of ΛV = 0.008 with and without the
nonhomogenous inner rust phase. This gure ompares the solutions obtained for
dierent struture of the outer layer of the neutron star. The presented results inludes
the homogenous neutron star model without the rust whih is represented by dotted
urve whereas dashed and solid lines depits the mass-radius relations for the rust
without and with the nonhomogenous inner rust, respetively. For both ases the
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Figure 3. The mass-radius relations obtained for the hosen models.
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Figure 4. The mass-radius relation for the hosen models. It inludes for omparison
homogenous model without outer envelope.
ΛV ρmax(gcm
−3) Mmax(M⊙) R(Mmax)
ΛV = 0 14.4 1.62 12.92
ΛV = 0.008 27.4 1.95 10.53
ΛV = 0.01 28.7 2.161 10.06
Table 7. The value of the maximum mass ongurations and the orresponding radii
for dierent values of the parameter ΛV
ritial density ρt is given. A omparison of Fig. 3 and Fig. 4 leads to the onlusion
that results obtained for higher value of the parameter ΛV gives lower value of the
ritial density ρt and as a onsequene diminishes the nonhomogenous inner rust.
The values of the maximum masses and the orresponding values of radii for the
strangeness rih matter have been olleted in Table 7. Results have been alulated for
seleted values of the parameter ΛV .
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Figure 5. The density proles in the models representing the maximum mass
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gurations.
The maximum mass inreases with inreasing value of the parameter ΛV , given in
the results neutron star models with masses exeeding 2M⊙ and with redued radii.
Thus, one an expet that solutions with nonlinear vetor meson ouplings lead to
neutron star models with substantially greater density. The mass-radius diagrams have
been obtained for variety of models presented in this paper. It inludes the ases for
non-strange and strange matter. Firstly solution for the pure TM1 model only with
quarti ω term is ompared with the enlarged nonlinear TM1 one whih additionally
omprises quarti ρ meson term. From these two mass-radius relations it is evident
that the presene of the quarti ρ meson term inuenes mainly neutron star radii.
Changing the value of the parameter ΛV solutions with substantially redued value of
the transition density is obtained. This points to the onlusion that the rust-ore
boundary moves to lower density region leading to the models with redued value of
non-homogenous phase. This is onrmed in Fig. 5 whih shows the density prole of
neutron star matter for maximum mass onguration. Models with nonlinear vetor
meson ouplings give as a result neutron stars with densities muh more higher than
that obtained for the ase ΛV = 0.
The analysis of the density proles indiates for the existene of dierent regions in
neutron star interiors. These regions orresponds to the envelope and the ore. In the
ore there is distint part, with substantially inreased density. This is onneted with
the appearane of strange matter. In the ase of nonlinear models the inner ore with
nonzero strangeness spread through-out almost the whole star leading to very uniform
neutron star model with onsiderably redued outer parts.
The appearane of hyperons follows from the hemial potential relations. It has been
shown that the omposition of hyperon star matter as well as the threshold density for
hyperons, is altered when the strength of the hyperon-hyperon interation is hanged.
However, the inlusion of nonlinear vetor meson interations also signiantly
modies the hemial omposition of the star. In order to get more omplete
understanding of the inuene of nonlinear vetor meson oupling on partiular baryon
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Figure 6. Relative onentrations of baryons for the model with ΛV = 0, for the
strong Y − Y interation.
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Figure 7. Relative onentrations of baryons for the model with nonlinear vetor
oupling for ΛV = 0.008, for the strong Y − Y interation.
and lepton onentration it is interesting to analyze this issue from dierent perspetives.
Fig. 6 and 7 show relative frations of partiular baryon speies Y Bi (i =
n, p,Λ,Ξ−,Ξ0,Σ−,Σ+ and Σ0) as a funtion of baryon number density nb for the strong
value of Y − Y interation. Fig. 6 is onstruted for the model without nonlinear
vetor meson oupling whereas Fig. 7 for the nonlinear model with ΛV = 0.008. All
alulations have been done under the assumption that the repulsive Σ interation shifts
the onset points of Σ hyperons to very high densities.
Λ is the rst strange baryon that emerges in hyperon star matter, it is followed by
Ξ− and Ξ0 and Σ hyperons. These gures show dierenes in baryon frations but
these dierenes are more learly visible in Fig. 8 and 9 presenting Λ and Ξ hyperon
onentrations for dierent models.
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Figure 8. Conentrations of Λ hyperons for the ases disussed in the text, for dierent
values of the parameter ΛV . For omparison the results obtained for the weak hyperon-
hyperon interation is also inluded. The weak models are onstruted for ΛV = 0 and
ΛV = 0.008.
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Figure 9. Conentrations of Ξ− hyperons for the ases disussed in the text, for
dierent values of the parameter ΛV . For omparison the results obtained for the
weak hyperon-hyperon interation is also inluded. The weak models are onstruted
for ΛV = 0 and ΛV = 0.008.
Fig. 8 and 9 depit the analysis done for several models fousing on omparing the
results for dierent values of the parameter ΛV . Generally the appearane of nonlinear
vetor meson interation terms lowers the onentration of hyperons in neutron star
matter. Thus there is a substantial redution of the Λ and Ξ− hyperon populations
for the inreasing value of ΛV . In the ase of Ξ hyperon there is a density range for
whih the population of Ξ hyperons vanishes. This results from the hemial equilibrium
onditions whih are set by relations among hemial potentials of the onstituents of the
neutron star matter. Chemial potentials depend on the eetive baryon masses whih
have been substantially modied in the onsidered nonlinear models. For omparison the
analysis of the inuene of the hyperon-hyperon interation strength has been inluded.
Dashed lines in presented gures represent the onentrations of baryons for the weak
Nonlinear 30
0 1 2 3 4 5 6 7 8 9 10 11 12 13
r ( km )
0.001
0.01
0.1
1
ln
(Y
i)
n
p
e
µ
Λ
Ξ−
Figure 10. Baryon onentrations as a funtion of stellar radius for ΛV = 0.
0 1 2 3 4 5 6 7 8 9 10 11 12
r ( km )
0,001
0,01
0,1
1
ln
(Y
i)
n
p
e
µ
Λ
Ξ-
Figure 11. Baryon onentrations as a funtion of stellar radius for ΛV = 0.008
Y − Y interation.
In Fig. 10 and 11 the analysis of the hemial omposition of the star is depited.
These gures show proles of partiular baryon and lepton speies as a funtion of
the star radius. One an see that in the ase of nonlinear models the hyperon ore
spreads through-out almost the whole interior of the star, however, it inludes redued
population of hyperons. It is espeially visible in the ase os Ξ− hyperons. For the ase
ΛV = 0.01, there is no Ξ
−
hyperons in the ore. This fat i stritly onneted with the
population of leptons, and espeially inuenes the population of muons.
From the presented gures it is evident that lepton populations are altered not
only by the hange of strength of hyperon oupling onstants but also by the isospin
dependent nonlinearities whih in turn determine the symmetry energy of the system.
Thus a very speial aspet of the existene of hyperons is the intrinsi deleptonization
of neutron star matter. First the appearane of Λ hyperons stops the inrease in the
lepton population and additionally when negatively harged Ξ− hyperons emerge further
deleptonization ours. Thus the harge neutrality an be guaranteed with the redued
lepton ontribution. On the ontrary in the hyperon ore of of the nonlinear models
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Figure 12. Baryon onentrations as a funtion of stellar radius for ΛV = 0.01
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Figure 13. The asymmetry parameter fa and the strangeness fration fs for models
with ΛV = 0 as a funtion of the baryon number density.
when negatively harged Ξ− hyperons disappear lepton onentrations is substantially
enhaned, and large population of muons establishes.
In Fig 13 and 14 the density dependene of the asymmetry parameter fa =
(nn − np)/(nb) whih desribes the relative neutron exess and the strangeness ontent
fs, dened as (nΛ + 2nΞ− + 2nΞ0)/nB are presented. Fig. 13 is onstruted for the TM
1 parameter set supplemented by the strange setor and for the ase when the oupling
ΛV = 0. The seond gure depits the dierenes in the fa and fs behavior for two
values of the ΛV oupling. In the ase that no nonlinearities are inluded the parameter
fs takes the maximal value. Next the nonlinearities have been added with the result
that the strangeness ontent of the system is redued. The inrease of the ΛV parameter
leads to even lower value of the strangeness fration. The omparison of these two gure
leads to the onlusion that the nonlinear model inlude matter more asymmetri but
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Figure 16. The fration of baryon and meson ontribution in the total energy of the
system. Calulations have been done for linear and nonlinear mdels.
with lower value of the strangeness ontent.
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Fig. 15 presents hanges of the eetive baryon masses in dependane of the baryon
density. It is ommon feature of the models that the eetive baryon masses dereases
with the inreasing density. Very important aspets of the inlusion of nonlinear terms
is onneted with hange of the eetive baryon masses. In general the eetive baryon
masses are funtions of s0 and s
∗
0. The numerial alulations show that the inlusion
of nonlinear terms leads to the inrease of the eetive masses. Analysis has been done
in omparison to the ase when no nonlinearites are inluded.
In Fig. 16 the ontributions of mesoni and baryoni parts to the total energy density
is depited. For the inreasing density the nonlinear models lead to the situation when
baryons and mesons give equal ontributions to the energy of the whole system.
8. Conlusions.
Detailed knowledge about isospin asymmetri nulear matter is of fundamental
importane for understanding the struture of a neutron star, whose formation is
preeded by the phenomenon of supernova explosion. In this paper a speial lass of the
equations of state of asymmetri nulear matter with non-zero strangeness have been
analyzed in a systemati approah within the relativisti mean eld model. The basi
harateristi of the onsidered equations of state is the extended vetor meson setor of
the theory. This results in the appearane of various nonlinear vetor meson ouplings,
among whih there are terms whih relate the strange and non-strange mesons. As
a onsequene strong onnetions between the asymmetry and strangeness fration of
the model have emerged. In order to onstrut neutron star models for the obtained
equations of state the parameter sets whih stem from the eetive eld theory and
hiral SU(3) theory have been used. It has been shown that neutron star properties and
through the properties also the neutron star struture are signiantly aeted not only
by the presene of hyperons but also by the strength of hyperon-nuleon and hyperon-
hyperon interations. The results of the analysis performed for the nonlinear models
have been ompared with those obtained with the use of the standard TM1 parameter
set extended by nonlinear meson interation terms, whih have been added for detailed
investigations of the high density symmetry energy. It has been shown that in the very
nonlinear models the inlusion of hyperons does not soften the EOS; on the ontrary
it leads to its onsiderable stiening. The onsequenes for neutron star parameters
are straightforward and appear as a onsiderable growth of neutron star masses. Thus
one of the inevitable onlusions is that in the ase of nonlinear models the inlusion
of hyperons does not results in the lowering of a neutron star mass. This is of speial
interest when onsidering pulsar data reported whih indiate large neutron star masses
and radii. This refers to measurements of the neutron star mass in pulsar-white dwarf
system. The analysis performed learly indiates that also the struture of a neutron
star is hanged in the ase of nonlinear models. Stars beome more uniform and more
ompat. The threshold for the appearane of hyperons is shifted to the very outer part
of the neutron star ore, but in general the hyperon fration is redued when ompared
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Figure 17. The dependane of the redshift z on the value of the parameter ΛV
with the linear models. The redution of the hyperon population in neutron star matter
is related to the lepton onentrations. The models show that for a suiently large
value of the parameter ΛV there are no Ξ
−
hyperons in the innermost part of the neutron
star. Suh partiular models of the neutron star ore reveal a hyperon reah layer with
Λ and Ξ− hyperons and the entral region in whih Ξ− hyperons vanish. In the latter
ase the populations of leptons and espeially muons get enhaned.
The models analyzed inlude dierent types of nonlinear vetor meson ouplings. The
additional oupling onstants, whih appear in these models are speied by the value
of the parameter ΛV whih is onstrained by the requirement of ausality for neutron
star matter. The value of ΛV has profound inuene on neutron star parameters. This
is shown by Fig. 17 whih depits the dependane of the redshift z on the value of
the parameter ΛV . The presented models an be ompare with those whih do not
inlude nonlinear vetor meson interations [59℄, these solutions lead to very partiular
form of EOS This very partiular form of the EOS generate dierent solutions of the
Oppenheimer-Tolman-Volko equations. In the ase of the old neutron star model,
apart from the ordinary neutron star branh, there exists an additional stable branh
of solutions.
The detetion of redshifted O and Fe lines by XMM-Newton from the surfae of
the neutron star EXO 0748-676 [37℄ indiates for rather sti EOS.
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